Understanding of how neurons encode and compute information is fundamental to 12 our study of the brain, but opportunities for hands-on experience with 13 neurophysiological techniques on live neurons are scarce in science education. 14 Here, we present Spikeling, an open source £25 in silico implementation of a spiking 15 neuron that mimics a wide range of neuronal behaviours for classroom education 16 and public neuroscience outreach. Spikeling is based on an Arduino microcontroller 17 running the computationally efficient Izhikevich model of a spiking neuron. The 18 microcontroller is connected to input ports that simulate synaptic excitation or 19
Introduction 29
Neuroscience is a major arm of modern life sciences, and many universities 30 worldwide are now offering dedicated neuroscience undergraduate degrees [1] , [2] .
an open source programmable microcontroller that has found widespread use in the of an excitable neuron with multiple dials and input/output options to play with. It is 53 designed to facilitate a hands-on and intuitive approach to exploring the biophysics 54 of neurons, their operation within neuronal networks and the strategies by which they 55 encode and process information. Spikeling can be excited and its activity recorded 56 so as to design a variety of classical experiments similar to those that might be 57 carried out on a biological neuron and which students learn about in textbooks [12] , 58 [13] . Here, we present a series of basic neuronal processes that are efficiently 59 modelled using Spikeling, followed by an evaluation of our experience using the 60 device for teaching senior undergraduate and MSc students in the UK and a 61 graduate neuroscience summer school held in Nigeria. Spikeling should be a useful 62 tool in educating students of neuroscience and psychology, as well as students of 63 engineering and computer science who are interested in the biophysics of neurons 64 and brain function. Upon current injection, Spikeling begins to fire, with each spike translating into an 76 audible "click" from a speaker. In tandem, membrane potential is continuously 77 tracked by the brightness of a light-emitting-diode (LED). To mimic different types of 78 neurons, Spikeling features a "mode button" for switching between different pre-79 programmed model behaviours (e.g. regular spiking, fast spiking, bursting etc.).
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These can also be modified in the code provided. For inputs, Spikeling ( Fig. 1A, Supplementary Figure S1 ) has three Bayonet Neill-83 Concelman (BNC) ports: Two are "input synapses" that each respond to 5V 84 transistor-transistor-logic (TTL) pulses (ports 1,2) such as the "spike output" of a 85 second unit. Thus, Spikelings can also be connected into simple neuronal networks 86 ( Fig. 1B, C) . A third BNC input connection (port 3) is an analog-in port that can be 87 driven with a stand-alone stimulus generator or by a computer with a suitable output 88 port. The gain and sign of all inputs can be continuously set with rotary encoder 89 knobs (dials 1 & 2with dial 2 controlling both analog-in and synapse 2 gain). One 90 aim in the design of Spikeling was to also teach how neurons encode a sensory 91 stimulus so an on-board photodiode allows Spikeling to sense light. A light stimulus 92 can be delivered externally (e.g. using a torch), or via an LED driven by a 93 programmable on-board pulse generator. To mimic the "noisiness" of biological 94 neurons in intact neural circuits, a knob is provided to add variable amounts of 95 membrane noise to the simulation (dial 3) while a final knob controls a static input 96 current to set resting membrane voltage (dial 4).
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For outputs, Spikeling features digital (port 4) and analog (port 5) BNC connections 98 that can be used to visualise the "membrane voltage" output on an external 99 oscilloscope or to drive another Spikeling. Alternatively, the modelled membrane 100 potential and several key internal processes (e.g. different current sources, input 101 spikes etc.) can be directly read out through the USB-based serial port for live 102 display on a computer screen and data logging ( Fig. 1B) . We also provide Matlab 103 (Mathsworks) scripts for basic data visualisation and analysis. Finally, the system 104 can be powered through the universal serial bus (USB) port or by a 9V battery. For more formal experimentation, Spikeling can be driven in a temporally precise 127 manner via the analog-in port or a regularly pulsed light source mounted over the 128 photodiode (SVideo 3). As a stimulus, port 1 (synapse 1/ stimulus out) can be flexibly 129 reconfigured into a digital stimulus generator. Alternatively, an external 0-5V analog 130 stimulus generator can be connected (not shown). At default settings, this port will 131 continuously generate 0-5V pulses at 50% duty cycle, with the stimulation rate being 132 controlled through dial 1. Accordingly, simply connecting port 1 (stimulus out) to port 133 3 (analog-in) allows for simple, time precise stimulation of the model neuron. The millisecond time precision achieved in this way can then be exploited to study 135 neuronal function in further detail. For example, at default settings (see Spikeling 136 manual) the stimulator directly coupled to the analog-in port drives a highly 137 stereotyped spike train upon repeated stimulation (Fig. 3A, left) , as further 138 elaborated in the raster plot ( Fig. 3A , right, see also Supplementary Figure S2 ). From 139 here, systematic variation of the analog-in gain (dial 2) can be used to drive 140 Spikeling with different amplitude current steps, for example to build amplitude tuning 141 functions for spike rate, latency or first-spike time-precision ( Fig. 3B ).
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Next, rather than delivering port 1's square-pulse drive via analog-in, the user can 143 instead drive an LED from the same port. In this way, positioning the LED above the Similarly, the experimenter could vary the rate of stimulation to probe the intrinsic 151 frequency tuning of a neuron (dial 1, not shown). At faster stimulus rates, Spikeling 152 can be set to occasionally "miss" individual current steps and instead adopt a volley 153 code [15] for event timing (Fig. 4A ). In this configuration, Spikeling continues to 154 phase-lock to the stimulus, as summarised in the event-aligned plot to the right. Note 155 that even though spikes frequently fail, the subthreshold potential continues to 156 reliably track the stimulus. From here, the static input current (dial 4) and noise (dial 157 3) can be tweaked to put the system into stochastic resonance [16] , [17] : In this 158 situation, counterintuitively, the addition of noise is beneficial to the code (Fig. 4B ). In 159 the example shown, the "generator potential" (the noise-free stimulus driven 160 membrane voltage fluctuations) is itself insufficient to elicit any spikes. As a result, 161 the neuron fails to encode the stimulus at the level of its spike output (Fig. 4B, left) . 162 However, addition of noise occasionally takes the combined generator potential and 163 noise above spike threshold (Fig. 4B, middle) . Importantly, the probability of this 164 threshold crossing is higher during a depolarising phase of the generator. As a 165 result, the system now does elicit spikes which, depending on the noise level 166 chosen, reliably phase-lock to the stimulus (Fig. 4B, Next, two or more Spikelings can be connected into a network via BNC cables 172 (SVideo 4). For this, the digital-out connector (port 4) of one unit is connected to one 173 of two "synapse-in" connectors (e.g. port 2) on another unit. Synaptic gain can then 174 be controlled using a rotary encoder (here: dial 2) to vary the efficacy and sign of the Spikeling can also be used to explore neuronal function more systematically, for 180 example by estimating the linear filter that underlies its photo-response in a given 181 mode [22] . This is a fundamental approach in computational and sensory 182 neuroscience, and the calculation of the linear filter is based on recording a neuron's 183 response to a "noise stimulus" for several minutes. Subsequent reverse correlation 184 of the elicited spike-or subthreshold activity against the original stimulus then allows 185 calculating the average stimulus that drove a response in the neuron: the linear filter, 186 sometimes also referred to as "time-reversed impulse response" or "response 187 kernel". Reverse correlation to spikes is the more common calculation, when the 188 linear filter is also termed the "spike-triggered average" or STA [23] . To explore this 189 14 concept, Spikeling's stimulus port (1) can be set to generate binary noise at e.g. 50
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Hz via a flag in the Arduino code (see Spikeling manual). In this configuration, the 191 photodiode can be stimulated by this noise stimulus via an LED as before ( Fig. 6A,   192 cf. Fig 3C) , thereby driving spikes and subthreshold oscillations. The linear filters of a 193 mode 1 Spikeling ("slow") reveal a clear biphasic (band pass) stimulus dependence 194 at the level of spikes, but a monophasic dependence (low pass) at the level of 195 subthreshold activity (Fig. 6B, black) . In comparison, the same mode 1 neuron 196 retuned to use a rapidly adapting photodiode-driven current ("fast") gives a triphasic 197 stimulus dependence at the level of spikes and a biphasic dependence at the level of 198 the subthreshold generator ( Fig. 6B, red) . Spikeling in the classroom 211 We evaluated the utility of Spikeling in two classroom scenarios: (i) as a 2-day those key ideas on the Spikeling output projected to the wall. We then showed 261 students how to use the stimulator, what the dials do, and how to log data on the 262 serial oscilloscope. We also showed how to load and display their data using pre-263 written Matlab routines (see Supplementary Materials) . From this point, we asked 264 students to themselves quantify a neuron's amplitude tuning at the level of 265 instantaneous spike rate and first-spike latency to compare the two, again followed 266 by an in-class demonstration and discussion afterwards. In this way, we moved 267 through the majority of Spikeling functions described in this paper over the course of 268 3 workshops. 
